Due to their association with type 2 diabetes mellitus treatment, a-glucosidase inhibitors have attracted increasing attention of researchers. In this study, we systemically investigated the kinetics and inhibition mechanism of piceatannol on a-glucosidase. Enzyme kinetics analyses showed that piceatannol exhibited strong inhibition on a-glucosidase in a non-competitive manner. Spectroscopy analyses indicated that piceatannol could bind with a-glucosidase to form complexes via high affinity. Further, computational molecular dynamics and molecular docking studies validated that the binding of piceatannol was outside the catalytic site of a-glucosidase, which would induce conformational changes of a-glucosidase and block the entrance of substrate, causing declines in a-glucosidase activities. Our results provide useful information not only for the inhibition mechanism of piceatannol against aglucosidase but also for a novel target site for developing novel a-glucosidase inhibitors as potential therapeutic agents in the treatment of type 2 diabetes mellitus.
Introduction
Diabetes mellitus (DM) is a group of chronic metabolic diseases affecting millions of people worldwide. As estimated by the World Health Organization (WHO), there will be 642 million people that suffer from DM by 2040, 1 with type 2 diabetes mellitus (T2DM), accounting for up to 90% of these affected patients. 2 Persistent hyperglycemia in diabetes can cause serious complications such as blindness, kidney disease, neuropathy, and cardiovascular disease. 3, 4 The goal of the treatment of diabetes mellitus involves lowering blood glucose through blocking carbohydrate digestion and absorption. 5 a-Glucosidase, which is involved in the cleavage of glucose from disaccharides and oligosaccharides, plays an important role in carbohydrate digestion. 6, 7 Therefore, the inhibitors of this enzyme can reduce postprandial hyperglycemia, and have been recognized as new anti-diabetic drug candidates. Several oral drugs, such as acarbose, voglibose, and miglitol, [8] [9] [10] have been used to inhibit the a-glucosidase activity in patients with T2DM. However, these drugs oen showed several side effects such as meteorism, abdominal distention, and liver disorders. 11 Therefore, much effort has been undertaken to nd natural and safer a-glucosidase inhibitors without possibly harmful side effects.
Natural products of great structural diversity are considered as a good source for screening a-glucosidase inhibitors. 12 In recent years, phenolic compounds have received much attention, and several phenolic compounds have shown signicant inhibitory effects against a-glucosidase. Li et al. reported that gallotannin had a strong a-glucosidase inhibitory effect (IC 50 ¼ 1.31 mM) in a parabolic mixed-type manner. 13 The polyphenol extract of Geranium collinum root was found to show inhibitory activity on a-glucosidase in vitro. 14 Moreover, some other phenolic compounds, such as green tea polyphenols, 15 water extract of black tea, 16 phloretin in apple 2 and apigenin in celery, 17 have revealed signicant inhibition of a-glucosidase activity and alleviated the symptoms of type 2 diabetes.
Piceatannol is a polyphenolic phytochemical, belonging to a natural analog of resveratrol. 18 Piceatannol is abundant in various fruits, such as Vaccinium berries (138-422 ng g À1 ), 19 red grapes (374 ng g À1 ), 20 and passion fruit seeds (4.8 mg g À1 ). 21 Piceatannol has a wide spectrum of biological activity, such as vasorelaxant effects, antibacterial activity, antioxidant and prooxidant activities. 20, 22 Piceatannol has also been suggested to be an inhibitor of a-glucosidase. 23 However, the effects of piceatannol on a-glucosidase activity have not been fully characterized. Moreover, few studies have reported the specic ligandbinding mechanisms of piceatannol to a-glucosidase molecule. 24 Understanding the effect of piceatannol on a-glucosidase activity and its mechanism is important to ensure its safe administration and develop new functional food.
The aim of this study was to investigate the inhibition effect and its possible mechanism of piceatannol on a-glucosidase by using a combination of UV-vis and uorescence spectral analysis, enzyme kinetic analysis as well as molecular docking methods. This study provides some signicant clues to improving the applications of piceatannol in functional food for the prevention and treatment of type 2 diabetes and also suggests a novel target site for developing novel a-glucosidase inhibitors.
Materials and methods

Materials
a-Glucosidase from Saccharomyces cerevisiae (EC 3.2.1.20, 50.3 U mg À1 ), 4-nitrophenyl-b-D-glucopyranosiduronic acid (pNPG), and acarbose were obtained from Sigma-Aldrich (St, Louis, USA). p-Nitrophenol (pNP) was purchased from Aladdin Biotechnology (Shanghai, China). Piceatannol was purchased from Selleck Chemicals (USA). All other chemicals were of analytical reagent grade, and their aqueous solutions were prepared with freshly ultrapure water.
a-Glucosidase inhibition assay
The a-glucosidase inhibitory activity assay was performed according to the methods described by previous reports with minor modications. 25, 26 The enzyme was incubated with varying concentrations of piceatannol in a 100 mM phosphate buffer (pH 6.8) at 37 C. The substrate reaction mixture contained 0.6 mM pNPG substrate in a 100 mM phosphate buffer (pH 6.8) with and without piceatannol at various concentrations. The enzyme activity assay was conducted following incubation at 37 C for 7 min.
The percentage inhibition of a-glucosidase activity was calculated using the following equation:
where A 0 is the activity of the enzyme without piceatannol and A i is the activity of the enzyme with piceatannol at different concentrations.
Inhibitory kinetic analysis
Inhibition constant (K i ) values were determined using various concentrations of pNPG in the presence or absence of piceatannol. K i values were calculated by nonlinear regression using the equations for competitive inhibition (eqn (1)), noncompetitive inhibition (eqn (2)), or mixed inhibition (eqn (3)):
A secondary plot can be acquired from
where v is the enzyme reaction rate in the absence and presence of inhibitors. The Michaelis-Menten constant and inhibition constant are expressed as K m and K i , respectively. a is the apparent coefficient.
[I] and [S] are the concentrations of inhibitor and substrate, respectively. The linearly tted secondary plots of slope vs.
[I] suggest the existence of one or a class of inhibition sites. The kinetic process and inactivation rate constants were obtained using time-course measurements.
Fluorescence spectra measurements
A 2.0 mL substrate reaction mixture containing 6.96 Â 10 À2 mM a-glucosidase was added to a 1.0 cm quartz cuvette, and then the solution was titrated by successive additions of piceatannol (the nal concentrations of piceatannol were varied from 0 to 1.46 mM). These solutions were allowed to stand for 5 min to equilibrate, and then the uorescence spectra at three temperatures (209, 304 and 310 K) were measured on a Hitachi spec-trouorometer (Model F-7000, Hitachi, Japan) in the wavelength range of 290-500 nm by exciting at 280 nm. Both excitation and emission slit widths were set at 2.5 nm. The appropriate blanks, corresponding to the sodium phosphate buffer (pH 6.8) and the piceatannol, were deducted to correct the uorescence background.
To differentiate the dynamic and static quenching, the quenching effect of piceatannol was further investigated by the Stern-Volmer equation: 27
where F 0 and F are the uorescence intensities of a-glucosidase in the absence and presence of piceatannol, respectively. K q is the quenching rate constant of the biomolecule (K q ¼ K SV /s 0 ). K SV is the Stern-Volmer dynamic quenching constant, which is determined by linear regression of a plot of F 0 /F against [Q]. s 0 is the average lifetime of the uorophore without piceatannol, which is equal to 10 À8 s. The number of binding sites of piceatannol on a-glucosidase was determined by the following the double-logarithm equation: 28
where [Q t ] and [P t ] denote the total concentration of the piceatannol and a-glucosidase, respectively. K a represents the binding constant for the accessible uorophores, n is the number of the binding sites per a-glucosidase molecule. Thermodynamic parameters were calculated by the van't Hoff equation as follows:
where R is the gas constant (8.314 J mol À1 K À1 ), and T represents the experimental temperature at 298, 304 and 310 K. The values of DH and DS were calculated from the slope and intercept of the linear plot of log K a versus 1/T, and the free energy change (DG) was estimated from the following relationship:
Synchronous uorescence spectra were measured by maintaining the interval of the excitation wavelength and emission wavelength constant (Dl ¼ l em À l ex ) at 15 nm and 60 nm, respectively. 29 Because of re-absorption, the uorescence data were corrected for the absorption of the excitation and emitted light to eliminate the re-absorption and inner lter effects caused by UV absorption, according to the following relationship: 30, 31 
where F c and F m represent the corrected and measured uorescence, respectively. A ex and A em are the absorbance of the mixed solution of piceatannol and a-glucosidase at the excitation and emission wavelengths, respectively.
Homology modeling and molecular docking studies
A three-dimensional (3D) structure of a-glucosidase was built on the Swiss Modeling server (https://swissmodel.expasy.org/ interactive) using homology modeling based on the X-ray structure of the isozyme (PDB ID: 5NN3), which has a high sequence identity and residues similarity to the target protein sequence (GenBank: ABI53718.1). 32 The nal model was optimized using PROCHECK (http://servicesn.mbi.ucla.edu/SAVES/). ESI Fig. 1 and 2 † provide a summary of the homology modelling parameters and the Ramachandran plot analysis of the homology model, respectively.
Based on a previous computational study, 33 the molecular docking was performed by means of the Autodock version 4.2 program. The homology model was used as the receptor model, the Gasteiger charges and polar hydrogen bonds were added to the macromolecule le. The 3D structures of small molecules were prepared using Chem3D Ultra 8.0. Then, the docking simulations were carried out with the Lamarckian genetic algorithm for 100 docking runs and were extended over the whole receptor protein to nd visible combination models. In the process of docking, the remaining parameters were set as default. The lowest energy conformation of the more populated cluster was considered as the most reliable solution.
Statistical analysis
Data were expressed as means AE standard deviation (n ¼ 3). Data were analyzed by nonlinear regression using the Graphpad Prism 5 soware, p < 0.05 was considered statistically signicant.
Results
Inhibition effect of piceatannol on a-glucosidase activity
The a-glucosidase inhibitory activity of piceatannol is presented in Fig. 1 . The results revealed that piceatannol signicantly inhibited a-glucosidase activity in a dose-dependent manner (Fig. 1) . The half-maximal inhibitory concentration (IC 50 ) of piceatannol and acarbose, a known inhibitor, against a-glucosidase were calculated as 4.39 AE 0.74 mM and 647.70 AE 1.09 mM, respectively. Piceatannol exerted a more potent inhibitory effect on a-glucosidase activity than that of acarbose.
Kinetics of inhibition
The kinetic experiments were performed to further characterize the inhibition of a-glucosidase activity by piceatannol. Piceatannol strongly inhibited the formation of pNP by a-glucosidase. Plots of the reaction velocity (y) versus [a-glucosidase] at various concentrations of piceatannol were shown in Fig. 2A .
The results showed that all straight lines passed through the origin, whose slopes were dropped with the increase in piceatannol concentration, indicating that the inhibition of aglucosidase by piceatannol was reversible.
Changes in V max values were observed on the Lineweaver-Burk plots (Fig. 2B) . Obviously, the value of V max decreased, whereas À1/K m was constant with the increasing concentrations of inhibitors, and all the lines crossed the negative direction of the horizontal axis. Together the data suggested that the inhibition followed a typical non-competitive mechanism. The value of the inhibition constant (K i ) was calculated to be 5.38 AE 0.24 mM. Furthermore, the secondary plots of the slope and Yintercept versus [piceatannol] were linear, indicating that one or a class of inhibition sites existed in a-glucosidase with respect to the piceatannol (Fig. 2C and D) .
3.3
Quenching of a-glucosidase uorescence by piceatannol 3.3.1 Mechanism of uorescence quenching. To conrm the interaction between piceatannol and a-glucosidase, the intrinsic uorescence spectra of a-glucosidase in the presence of piceatannol were examined by the uorescence quenching experiments. As shown in Fig. 3A-C , with the addition of piceatannol, the uorescence intensity of a-glucosidase was gradually reduced, indicating that piceatannol interacted with a-glucosidase.
As observed in Fig. 3D , K SV values increased with increasing temperature, suggesting that the quenching of a-glucosidase by piceatannol was a dynamic process. However, the calculated values of K q (5.02 Â 10 13 , 7.01 Â 10 13 , 16.04 Â 10 13 L mol À1 s À1 at 298, 304 and 310 K, respectively) were obviously greater than 2 Â 10 10 L mol À1 s À1 , indicating that the uorescence quenching process was dominated by a static procedure resulting from the piceatannol-a-glucosidase complex formation. These results indicated that the quenching of a-glucosidase by piceatannol was a combination of dynamic and static processes.
As shown in Table 1 , the values of n were approximately equal to 1, suggesting that there was one binding site on aglucosidase for piceatannol, and the result was consistent with that mentioned above. Moreover, in accordance with the alteration in K SV , K a increased with temperature from 298 K to 310 K. The K a values were in the order of 10 5 to 10 6 L mol À1 , suggesting that a high affinity existed between piceatannol and aglucosidase.
3.3.2 Thermodynamic parameters and the nature of the binding forces. As revealed in Table 1 , the binding process was spontaneous since the value of DG was below zero. Furthermore, the positive values of DH and DS indicated that the formation of the piceatannol-a-glucosidase complex was an endothermically and entropically increased process, and the values were frequently regarded as typical evidence for hydrophobic interactions. Therefore, piceatannol-a-glucosidase complexation was mainly driven by hydrophobic forces.
3.3.3 Synchronous uorescence. Synchronous uorescence spectra can reect the micro-environmental changes in tyrosine (Tyr) and tryptophan (Trp) residues when the Dl between the excitation and emission wavelengths were stabilized at 15 nm and 60 nm, respectively. The maximum uorescence emission peak (l max ) of Tyr displayed no discernable shi, indicating that Fig. 1 The effects of piceatannol and acarbose on the activity of a-glucosidase. Table 1 Quenching constants K SV , binding constants K a and relative thermodynamic parameters of the piceatannol and a-glucosidase interactions at different temperatures. R a is the correlation coefficient for the K SV values. R b is the correlation coefficient for the K a values Paper
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piceatannol had no inuence on the microenvironment of Tyr residues of a-glucosidase (Fig. 3E ). However, an apparent blue shi (from 278.6 nm to 277.6 nm) of the l max was observed on Trp, suggesting that the interactions between piceatannol and a-glucosidase obviously changed the microenvironment of Trp and increased its hydrophobicity (Fig. 3F ).
The binding site of piceatannol on a-glucosidase
The evaluation results of PROCHECK showed that 91.3%, 8.5% and 0.1% of the residues were located within the most favorable, additionally allowed and generously allowed regions of the Ramachandran plot, respectively. The results indicated that the homology model was suitable for the following molecular docking study.
To expound the binding mode of piceatannol on a-glucosidase, molecular docking was carried out. The results showed that acarbose, a known competitive inhibitor, was bound to the active cavity of a-glucosidase and inhibited the catalytic action of a-glucosidase through hydrogen bonds and van der Waals forces ( Fig. 4 ). As shown in Fig. 5 , piceatannol was mainly surrounded by amino acid residues Lys 96, Ile 98, Gln 124, Gly 116, Leu 117, Ala 113, Gly 123, Trp 126, Ala 93 and Ala 97 of aglucosidase, and hydrogen bonds were formed between hydroxyl groups and amino acid residues Lys 96, Ile 98, Gln 124. Furthermore, hydrophobic interactions were formed between piceatannol and the residues Gly 116, Leu 117, Ala 113, Gly 123, Trp 126, Ala 93 and Ala 97 of a-glucosidase, indicating that the hydrophobic interactions were another force in the binding of piceatannol with a-glucosidase. These results indicate that all potential binding sites of piceatannol with a-glucosidase were away from the active cavities of the enzyme, which is also in agreement with the experimental results.
Discussion
Our data offer in vitro evidence that piceatannol, a hydroxylated analog of resveratrol, is a potent non-competitive inhibitor of aglucosidase. Resveratrol with antidiabetic effect has been reported to be a good inhibitor of a-glucosidase. 2, 34 Interestingly, the observed inhibitory effect against a-glucosidase by piceatannol in the current study is much more potent than that demonstrated by resveratrol, 35 which may be structure related. Compared with resveratrol, piceatannol has an additional hydroxy group at the 8 0 -position. A previous study reported that the inhibition activity on a-glucosidase was increased while adding hydroxyl groups to the B ring of avones. 36 Moreover, a recent study from Liu et al. 37 also indicated that the positions of the hydroxyl groups of the polyphenols had an important inuence on their interactions with enzymes and the enzyme activities. It is likely that the additional hydroxyl group at this position is conducive to the distribution of the electron cloud, which causes the hydroxyl group to form hydrogen bonds with a-glucosidase.
From the uorescence spectra, an apparent blue shi in l max was observed on the Trp, suggesting that the interactions between piceatannol and a-glucosidase resulted in signicant variations in Trp residues or conformational changes. 38 Moreover, the formation of the piceatannol-a-glucosidase complex was an endothermically and entropically increased process, which is frequently regarded as typical evidence for hydrophobic interactions. 39 Therefore, we suggest that piceatannol-aglucosidase complexation could be driven by hydrophobic forces. These assumptions were further veried in our docking study.
According to the quenching theory, the quenching mechanisms of piceatannol included both dynamic and static processes. These phenomena are different from other potent aglucosidase inhibitors, for example, quercetin, isoquercetin 40 and butylisobutyl-phthalate (BIP) 41 all of which formed a stable complex. Furthermore, there was a high affinity between piceatannol and a-glucosidase. Therefore, we speculate that the potent inhibitory effect of piceatannol might due to its combination with a-glucosidase and could consequently induce conformational changes in the enzyme. This binding mechanism of piceatannol to a-glucosidase was different from that of other proteins, such as bovine serum albumin (BSA). 42 In our docking study, we found that the binding site of piceatannol was at a hydrophobic pocket outside of the catalytic site of a-glucosidase, and the binding could block the entrance of other substrates. This hydrophobic pocket, which contained Lys 96, Ile 98, Gln 124, was different from the binding pocket of acarbose, a known competitive inhibitor. 43 These results suggest that piceatannol and acarbose could bind to a-glucosidase at different sites. The docking simulation in our study provides a novel target site outside the catalytic site for developing and designing novel a-glucosidase inhibitors.
Conclusions
The present study has systemically investigated the inhibitory effects of piceatannol on a-glucosidase and has provided new insights into the inhibitory and interaction mechanisms of piceatannol on a-glucosidase. This study demonstrates that piceatannol is a vital and potent a-glucosidase inhibitor. Further studies suggest that the interaction between piceatannol and a-glucosidase is a combination of dynamic and static processes, and is mainly driven by hydrophobic interactions. Moreover, the non-competitive inhibition of piceatannol against a-glucosidase may be due to the binding of piceatannol outside the active site of a-glucosidase. These results provide useful information not only for the inhibition mechanism of This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 4529-4537 | 4535
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piceatannol against a-glucosidase, but also provide a basis for further application of piceatannol in novel functional foods or antidiabetic drugs. 
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